). These to the pattern recognition receptor-mediated NF-KBmolecules belong to the peptidoglycan recognition prodependent immune response, Drosophila undergoes tein (PGRP) family and are thought to mediate signaling a complex systemic response that is mediated by the in fat body by direct binding to the cell wall components production of cytokines in blood cells, a process that of microorganisms upon infection. is similar to the acute phase response in mammals.
While the mechanisms involved in NF-KB activation upon immune challenge are well documented both in Introduction insects and mammals, little is known about activation of the JAK/STAT pathway in insects. DNA binding activIn mammals, local disturbances of physiological homeoity and translocation of STAT in fat body cells in restasis such as trauma, injury, or bacterial infection lead sponse to bacterial challenge has been documented in to a systemic response known as the acute phase reAnopheles gambiae (Barillas-Mury et al., 1999). Moresponse (Baumann and Gauldie, 1994). A major early step over, the immune challenge-inducible expression of the in acute phase response is the local release of signaling Drosophila thiolester-containing protein TEP1 has been molecules, such as cytokines, by activated macroshown to be constitutive in larvae displaying a gain-ofphages, fibroblasts, and endothelial cells at the site of function mutation in JAK and reduced in a corresponddamage. Upon systemic release, these cytokines act ing loss of function (Lagueux et al., 2000). These studies distally from the site of damage and induce changes in indicate that, as in mammals, the JAK/STAT pathway is behavior and biosynthetic capacities of a variety of taractivated upon immune challenge in Drosophila. get cells and organs in the whole organism. For instance, Here, we investigate the mechanisms involved in the the liver is a central organ in acute phase response, and JAK/STAT-dependent immune response to septic injury changes in hepatocyte gene expression profiles during in Drosophila. First, we have identified totA as a gene acute phase response result in dramatic changes in that is regulated by the JAK/STAT pathway in fat body serum concentrations of acute phase proteins, such as in response to septic injury. Then, we show that totA C-reactive protein (CRP) and serum amyloid A and P activation is mediated by the Drosophila homolog of the components (Steel and Whitehead, 1994 expression of the upd-like genes was inducible upon ( Figure 4B ). However, we noticed that GFP production was strongly increased in blood cells after challenge, septic injury. We failed to detect upd2 expression in adult flies by using RT-PCR analysis. In contrast, we indicating that hemocytes might be the main site of upd3 expression ( Figure 4C ). To investigate the functional imfound that the level of upd3 expression, which was very low in control animals, was significantly increased after portance of upd3 hemocyte-specific expression in totA expression, we designed an in vivo RNAi strategy to septic injury ( Figure 4A ). We next analyzed the pattern of GFP expression in flies harboring a upd3 promoter silence upd3 expression in a tissue-specific manner (Lee and Carthew, 2002) . We used the hemolectin-GAL4 and region-GAL4 fusion and a UAS-GFP reporter (see Experimental Procedures). We failed to detect any GFP prothe yolk-GAL4 constructs to drive the expression of the UAS-iupd3 hairpin construct in hemocytes and fat body, duction in fat body cells of control or challenged animals 5B). Altogether, these experiments suggest that upd3 activation in hemocytes subsequently leads to totA activation in the fat body. Figure 6B , totA activation after challenge was totally abolished in these mutants, indicating that, in addition to being JAK/STAT dependent, totA expression also requires the activity of the Relish pathway. We next analyzed whether the activity of the Relish pathway was specifically required in the fat body. To this end, we overexpressed relish dsRNA in fat body using the UAS-irel construct and the yolk-GAL4 driver. As shown in Figure 6C , dsRNA-mediated silencing of relish expression leads to a failure in totA activation, indicating that Relish activity is specifically required in the fat body. Finally, we analyzed whether Relish activation in the fat body was sufficient to activate totA expression. It has been recently shown that overexpression of Imd in fat body cells leads to activation of Relish and therefore constitutive expression of the antimicrobial peptide genes, such as diptericin, in absence of immune challenge (Georgel et al., 2001) ( Figure 6C ). As shown in Figure 6C , totA was not constitutively expressed in the corresponding flies, indicating that Relish activation is required in fat body but is not sufficient to activate totA expression. . These data indicate that the JAK/STAT pathway septic injury, we first identified a target gene of the contributes to a global response upon immune chalpathway, totA. We showed that totA expression (1) takes lenge by controlling the expression of several acute place in the fat body, which is the insect equivalent of phase proteins. As for most of their mammalian counterthe mammalian liver; (2) is strongly induced in response parts, the function of these Drosophila acute phase proto septic injury; and (3) requires the Dome/JAK/STAT teins is unclear. totA overexpression does not appear signaling pathway in fat body and the expression of to protect NF-KB mutants, such as key, from gramupd3 in hemocytes. Similarly, the expression of the negative bacteria infection (H.A., unpublished data), inmammalian acute phase proteins (e.g., LBP and CRP) is dicating that TotA, unlike antimicrobial peptides such as modulated by activation of specific signaling pathways Diptericin and Drosomycin, does not prevent bacterial (e.g., the JAK/STAT pathway) in response to systemic growth. Altogether, these observations suggest that release of cytokines (e.g., IL6) by activated macroTotA is probably a general stress response factor inphages (Schumann et al., 1996; Zhang et al., 1996) . Altovolved in homeostasis of (damaged) tissues. Accordgether, our results demonstrate that TotA qualifies as a ingly, it has been shown that TotA overexpression conbona fide acute phase protein. In addition, totC and fers extended survival to flies subjected to heat stress, totM are also controlled by the JAK/STAT pathway upon a treatment that certainly leads to disturbances of physiseptic injury, a characteristic that is probably shared by ological homeostasis (Ekengren et al., 2001 ). Further in all the members of the tot family (H.A., unpublished vivo characterization of acute phase protein function, data). Moreover, the tot family members are not the sole such as TotA, using Drosophila as a model system will target of the JAK/STAT pathway upon septic injury. We help us to understand the overall physiology of the acute phase response in insects and mammals. have recently shown that expression of CG11501, a cys-that is produced in hemocytes in response to immune challenge. Although cytokine-like activities, such as IL1 and TNF␣, have been previously reported as being produced by hemocytes from Lepidopteran larvae in response to LPS stimulation, none of these activities were shown to have a physiological function in vivo (Wittwer  et al., 1999) . To the best of our knowledge, upd3 is the first example of a gene coding for a cytokine that is expressed in hemocytes and is required for signaling in fat body. This study therefore constitutes (to the best of our knowledge) the first demonstration that sentinel cells, such as hemocytes, play a signaling role in the Drosophila immune response. The nature of the signals that are detected by hemocytes and the signaling pathway(s) that trigger upd3 activation in response to septic injury remain to be determined. Preliminary experiments indicated that upd3 expression was severely impaired in TAK1 flies after septic injury, suggesting that components of the Relish pathway (as defined in fat body cells) might be involved in upd3 activation in hemocytes in response to bacterial infection (H.A., unpublished data). However, further analysis in PGRP-LC and relish mutant backgrounds were not consistent with this hypothesis. Clearly, the mechanisms involved in upd3 regulation potentially constitute a new paradigm for studying the signals and the transduction machinery involved in the control of gene expression in activated hemocytes.
Integration of Signaling Pathway Activities in Fat Body
The NF-KB pathway is necessary and sufficient to activate the expression of antimicrobial peptides in response to septic injury in Drosophila. In contrast, totA activation in fat body requires both the JAK/STAT and the Relish pathways (Figure 7) . Our study therefore reveals that fat body cells integrate various inputs, such as the presence of bacterial compounds (through NF-KB activation) and cytokines (through JAK/STAT activation), in response to septic injury (Figure 7) . Interestingly, septic injury is not the only stimulus that activates totA expression. It has been shown that stress treatments, such as heat shock, dehydration, and mechanical pressure, also induce totA expression (Ekengren et al., 2001 ). 
Infection Experiments
We used 1-week-old adult flies that were put on fresh medium and kept at room temperature 24 hr prior to challenge. Parameters such as temperature, humidity, food quality, population density, and age introduced considerable variability in totA expression. Septic injury was performed by pricking flies in the thorax using a thin needle previously dipped in a 10ϫ concentrated overnight culture of E. coli and/or M. luteus. Reverse Transcriptase (Invitrogen), samples were incubated for 2 hr at 42ЊC. Samples were then diluted 100-fold, and 1 l of the by S. Naitza and P. Georgel (Georgel et al., 2001 ). The P(hml-GAL4) line used for hemocyte-specific expression has been generated by dilution was subjected to PCR amplification using the following primers: upd3: ATGTCCCAGTTTGCCCTCT, TCGCCTTGCACAGAC A. Goto (Goto et al., 2001 ) and is available from the Bloomington Center.
Immunostainings
TCTTA; and rp49: TCCGCCCAGCATACAGGCCCAGATCGT, TTACT
